We investigated the role of rat macrophage chemoattractant protein (MCP)-1 on rat VSMC proliferation and migration to identify the mechanism(s) involved in this kind of activity. Exposure to very low concentrations (1-100 pg/ml) of rat MCP-1 induced a significant proliferation of cultured rat VSMCs assessed as cell duplication by the counting of total cells after exposure to test substances. MCP-1 stimulated VSMC proliferation and migration in a two-dimensional lateral sheet migration of adherent cells in culture. Endogenous vascular endothelial growth factor-A (VEGF-A) was responsible for the mitogenic activity of MCP-1, because neutralizing anti-VEGF-A antibody inhibited cell proliferation in response to MCP-1. On the contrary, neutralizing anti-fibroblast growth factor-2 and anti-platelet-derived growth factor-bb antibodies did not affect VSMC proliferation induced by MCP-1. RT-PCR and Western blot analyses showed an increased expression of either mRNA or VEGF-A protein after MCP-1 activation (10-100 pg/ml), whereas no fms-like tyrosine kinase (Flt)-1 receptor upregulation was observed. Because we have previously demonstrated that hypoxia (3% O 2) can enhance VSMC proliferation induced by VEGF-A through Flt-1 receptor upregulation, the effects of hypoxia on the response of VSMCs to MCP-1 were investigated. Severe hypoxia (3% O2) potentiated the growth-promoting effect of MCP-1, which was able to significantly induce cell proliferation even at a concentration as low as 0.1 pg/ml. These findings demonstrate that low concentrations of rat MCP-1 can directly promote rat VSMC proliferation and migration through the autocrine production of VEGF-A. monocyte chemotactic protein-1; endogenous vascular endothelial growth factor-A; remodeling; autocrine proliferation; chemokine VESSEL WALL REMODELING is a complex phenomenon that occurs in the course of different physiological and pathological events in which a pivotal mechanism is represented by the loss of differentiation of vascular smooth muscle cells (VSMCs) that become able to proliferate and migrate (6) . This phenotypical change in VSMCs occurs after endothelial activation, infiltration of mononuclear cells into the vessel wall, and production of soluble factor in the microenvironment, and is modulated by cell-to-cell interactions. Growing evidence suggests that several growth factors cooperate in inducing a synthetic phenotype of VSMCs (14, 24) . Macrophage chemoattractant protein (MCP)-1 is an important mediator of vessel wall remodeling (5) that is reportedly expressed early after arterial wall injury (33) and has also been detected in human atheromatous plaques (22) . MCP-1 is produced by all cellular components of the vessel wall after upregulation of cytokines such as LPS and IL-1␣ (2) and in response to vascular endothelial growth factor (VEGF; Ref. 18) , hypoxia (9) , and prothrombotic stimuli (4, 10) . These findings suggest that MCP-1 may play a potentially important role in the pathogenesis of vessel wall changes. MCP-1 activity is in part due to recruitment of monocyte macrophages that are responsible for local production of cytokines, but recent findings suggest that MCP-1 may also directly act on VSMCs (6) and fibroblasts (35) . The direct effect of MCP-1 on VSMCs is controversial; opposing observations about its effects on VSMC proliferation and migration have been reported by different authors (8, 12, 27) . However, recent findings point to the importance of species specificity for MCP-1-induced VSMC proliferation (31) . We recently demonstrated that endothelial damage and hypoxia are able to induce a phenotypical change in VSMCs that makes them responsive to VEGF-A (25) , which suggests that this endothelial growth factor may also be involved in vascular wall remodeling in the course of pathological events in which endothelial damage represents a major and early event.
The aim of our study was to investigate the possible direct effect of rat MCP-1 on proliferation of rat VSMCs. Moreover, we identified VEGF-A as the endogenous mediator involved in MCP-1-induced proliferation. Cell culture and proliferation. VSMCs were isolated from the thoracic aorta of male Wistar rats and cultured as previously described (24) . Cell proliferation was quantified by the total cell number as previously reported (24) . Briefly, 5 ϫ 10 3 cells in 5% bovine calf serum (BCS) were seeded onto 48-well plates and allowed to adhere overnight. Cells were then kept in starving conditions (0.1% BCS) for 48 h, and media were successively replaced with 1% BCS medium (DMEM) that contained rat MCP-1 (1-100 pg/ml). After 96 h, cells were fixed with methanol and stained with Diff-Quick. Proliferation was evaluated as cell duplication by counting the number of cells in 10 random fields of each well at ϫ200 magnification with the aid of a 21-mm 2 ocular grid. In the experiments in which the effect of hypoxia was assessed, cells were exposed to severe hypoxia (3% O 2) during the 48-h starvation period and were then stimulated with MCP-1 and allowed to grow in normoxic conditions (25) .
METHODS

Animals. This investigation conforms with the
Cell chemotaxis. A modified Boyden chamber (48-well plates; Neuroprobe) was used for chemotaxis studies. Polyvinyl-pyrrolidonefree polycarbonate filters with 8-m pore size were coated with 100 g/ml collagen type I and 10 g/ml fibronectin. MCP-1 (1-100 pg/ml) was added to the lower wells, and cells (12 ϫ 10 3 cells in 50 l) were seeded into the upper wells of the chamber, which was incubated at 37°C for 4 h. Platelet-derived growth factor-bb (PDGFbb, 5 ng/ml) was chosen as a positive control, and the effect of 1% BCS medium in the absence of any stimulus was taken as basal migration. Methanol-fixed cells were stained with Diff-Quick, and cell migration was measured by microscopic evaluation of the number of cells moved across the filter in 10 random fields. Each experimental point was measured in triplicate.
Two-dimensional migration and proliferation of adherent cells in culture. Two-dimensional lateral sheet migration and proliferation of adherent cells in culture were evaluated by using a silicon-template fencing technique as previously reported (23) . Briefly, cells in 10% BCS were seeded onto a rectangular silicon gasket that was inserted in the wells of six-well cell culture dishes and allowed to reach confluence. The gasket was then removed, confluent cell monolayers were washed with medium, and the four edges of the rectangular cell monolayer were marked with a scalpel on the outside of the tissue culture dish to define the starting line of cell progression. MCP-1 (in 1% BCS medium) was added, and the experiment was stopped after 3 days. Cell migration and proliferation were quantified by 1) microscopically measuring the distance of migrated cells from the starting lines to the migration front (the farthest cells) with the aid of an ocular grid (225 ϫ 225 m ϭ 1 grid unit), and 2) counting the total number of cells in each grid unit according to a method described elsewhere (23) .
Immunoprecipitation and immunoblotting. VSMCs were lysed in lysis buffer before being centrifuged at 14,000 g for 10 min at 4°C as previously reported (24) . Aliquots (50 g) of total proteins were used to immunoprecipitate VEGF-A with a monoclonal mouse IgG antibody (Santa Cruz Biotech). The immunoprecipitates were run on 10% SDS-PAGE gels. Proteins were then transferred to a polyvinylidene difluoride (PVDF) membrane and treated with the VEGF-A antibody. Immunoreactive proteins were detected by enhanced chemoluminescence (ECL).
Differential RT-PCR analysis. A competimer technology for quantitative RT-PCR (QuantumRNA Universal 18S; Ambion; Austin, TX) was used as previously described (25) . Briefly, total RNA was extracted using the PureScript RNA isolation kit (Gentra; Minneapolis, MN). Reverse transcription of 1 g of total RNA was carried out, and VEGF-A was amplified with specific primers designed to detect the four distinct VEGF-A isoforms (VEGF121, VEGF145, VEGF165, and VEGF189; Ref. 25) in sequential cycles (35) including 30 s of denaturation at 94°C, 30 s of annealing conditions at 60°C, and 30 s of extension at 72°C. The Flt-1 receptor was amplified with specific primers in sequential cycles (35) including 30 s of denaturation at 94°C, 30 s of annealing conditions at 55°C, and 30 s of extension at 72°C. Primers and competimers to amplify the 18S rRNA were chosen as the internal standard (optimal 18S primer-competimer dilution ratios were 2:8 and 3:7 for VEGF-A and Flt-1, respectively; Ref. 25) . Amplified proteins were electrophoresed in 3% agarose gel, and quantitative evaluations were obtained as ratios between the optical density of the target genes and the 18S rRNA amplification products.
Materials. Rat MCP-1 and PDGFbb were purchased from Calbiochem-Novabiochem (San Diego, CA). DMEM, penicillin-streptomycin-glutamine solution, and trypsin-EDTA solution were purchased from Sigma Chemical (St. Louis, MO). BCS was purchased from Hyclone (Logan, UT). Rabbit anti-VEGF-A and rabbit anti-PDGFbb polyclonal antibodies (neutralizing) were from Preprotech (EC; London, UK), mouse anti-fibroblast growth factor (FGF)-2 monoclonal antibody clone bFM-1 (neutralizing) was from Upstate Biotechnology (Lake Placid, NY). Acrylamide, N,N,NЈ,NЈ-tetramethylethylenediamine, ammonium persulfate, and Coomassie brilliant blue were from Bio-Rad Laboratories (Richmond, CA). Cells were grown on sterile plastic (Costar Europe).
Statistical evaluation. Data are reported as means Ϯ SE. Each experiment was run in duplicate or triplicate. Statistical analysis was performed using Student's t-test for unpaired data. P Ͻ 0.05 was considered significant.
RESULTS
Effects of MCP-1 on VSMC proliferation. Serum-starved rat VSMCs were stimulated with increasing concentrations of rat MCP-1 (0.1-100 pg/ml) and left in culture for 4 days. Proliferation was assessed as the total number of cells counted in each well. PDGFbb (5 ng/ml) was chosen as a positive control owing to its well-known mitogenic effect on VSMCs. MCP-1 induced VSMC proliferation in concentrations as low as 1 pg/ml (27 Ϯ 10% over basal proliferation, n ϭ 5), as shown in Fig. 1 . The maximum stimulating effect, which was observed at 100 pg/ml, amounted to 47 Ϯ 6% over basal proliferation and ϳ80% of the effect obtained with PDGFbb, which increased proliferation by ϳ83%. The increase in MCP-1 concentration to 1 ng/ml did not induce any additional stimulation of VSMC proliferation (data not shown).
Effects of MCP-1 on VSMC migration. The ability of MCP-1 to stimulate either chemotaxis of single cells in suspension or migration of cultured cells was assessed. It was observed that MCP-1, when used at the same concentrations tested on cell growth assays, slightly stimulated VSMC chemotaxis in a statistically insignificant manner (data not shown). Therefore, the effects of MCP-1 on anchorage-dependent cell movement and proliferation were investigated by using an experimental model that allows measurement of the combination of migration and proliferation of adherent cells in culture. Under control conditions (1% BCS), cell migration progressed up to 388 Ϯ 24 m from the starting line; this distance was almost tripled by the addition of PDGFbb (912 Ϯ 70 m), which was taken as a positive control. MCP-1, at concentrations ranging from 1 to 100 pg/ml, stimulated the progression of a significant number of cells from the starting line toward the periphery with maximal effects observed at 10 pg/ml (Fig. 2, A and D) . Under these conditions, the distance covered by the cell sprouting from the edge increased by 43% over control unstimulated cells; this distance amounted to ϳ60% of the value recorded with PDGFbb. MCP-1 (10 pg/ml) also significantly increased the total number of cells compared with control unstimulated cells (Fig. 2, B and D) , thus showing that proliferation plays a role in this experimental model.
Effects of anti-VEGF-A antibody on VSMC growth in culture.
Because we have previously shown that rat VSMCs may be responsive to VEGF-A (25), and because it is known that VSMCs produce this growth factor (21, 32), we investigated whether a cooperation between MCP-1 and endogenous VEGF-A exists. The results of this study showed that the growth-promoting effect of MCP-1 on VSMCs was mediated by endogenous VEGF-A, because the addition of a neutralizing VEGF-A antibody (1 g/ml) significantly inhibited VSMC proliferation induced by all of the MCP-1 concentrations, whereas nonimmune IgG was ineffective. Moreover, the antibody did not affect basal proliferation (Fig. 3A) . The possible role of other endogenous mitogens such as FGF-2 and PDGFbb were then assessed, as it is known that these growth factors may stimulate VSMC growth in an autocrine manner (20, 24, 26) . The neutralizing anti-FGF-2 antibody did not influence the proliferative effect of MCP-1 on VSMCs as shown in Fig. 3B .
In the same manner, the block of endogenous PDGFbb did not influence cell proliferation in response to MCP-1 (data not shown).
Effects of MCP-1 on VEGF-A and Flt-1 receptor production.
We tested the hypothesis that MCP-1-induced VSMC proliferation was associated with VEGF-A upregulation. Serum-starved cells were stimulated with MCP-1 (10-100 pg/ ml), and VEGF-A production was measured as either mRNA or protein. Immunoblotting of unstimulated rat VSMCs showed a double band for VEGF-A (nonreducing conditions) located at 46 kDa, which is higher than the human recombinant one as previously detected by Zheng et al. (36) . The addition of MCP-1 (10-100 pg/ml) to starved VSMCs significantly increased VEGF-A production. The increase was maximal after 8 h of exposure and remained high after overnight incubation (Fig. 4) .
To assess whether VEGF-A upregulation by MCP-1 reflected an increase in the steady-state levels of VEGF-A mRNA, differential RT-PCR analysis was performed. As shown in Fig. 5A, 6 h of exposure to MCP-1 (10-100 pg/ml) significantly increased all VEGF-A mRNA isoforms. The effect was particularly evident for the VEGF 145 and VEGF 165 isoforms, which are almost undetectable in unstimulated cells ( Fig. 5A) . Because we previously demonstrated that VEGF-A stimulates VSMCs by acting through Flt-1 receptors (25), the expression of these receptors was also measured in response to MCP-1. MCP-1 did not increase mRNA Flt-1 expression either after a 6-h stimulation (Fig. 5B) or after overnight stimulation (data not shown).
Effects of hypoxia on VSMC proliferation in response to MCP-1. The data reported above show that MCP-1 proliferation is partially due to VEGF-A upregulation in VSMCs. Because we recently demonstrated that VEGF-A is able to increase VSMC mitogenesis after severe hypoxia through an upregulation of Flt-1 receptor (25), the effects of hypoxia on MCP-1-induced mitogenesis of VSMCs were investigated. When cells were exposed for 48 h to severe hypoxia (3% O 2 ) and then stimulated with increasing concentrations of MCP-1, potentiation of VSMC proliferation was observed. In fact, the chemokine induced statistically significant cell proliferation under these experimental conditions at concentrations as low as 0.1 pg/ml (31 Ϯ 8% over basal proliferation; n ϭ 5; Fig. 6 ).
DISCUSSION
This study focuses on the still-debated problem of mitogenic activity of MCP-1 on VSMCs and demonstrates that this chemokine promotes in vitro proliferation of rat VSMCs at very low concentrations (picograms per milliliter) on the condition that species specificity is respected. In addition, it shows that direct activity of MCP-1 on VSMCs promotes VEGF production and that inactivation of this endogenous factor inhibits MCP-1-induced effects.
MCP-1 was previously shown by different authors to either stimulate or inhibit VSMC growth; these findings were obtained by using human MCP-1 on rat (12, 27) or rabbit (34) VSMCs. More recently, Selzman et al. (31) have stressed the importance of species specificity for MCP-1 activity on VSMC proliferation in experiments where human recombinant MCP-1 was used to stimulate human VSMC growth. The discrepancy between the results obtained in previous studies and those observed in the present work are probably due to differences in experimental planning because species homology was respected in our study in which rat VSMCs were stimulated with rat MCP-1. A growth-promoting effect on rat VSMCs was previously observed by Porreca et al. (27) only in the presence of very high human-MCP-1 concentrations (Ͼ100 ng/ml). This observation suggests that differences may exist between rat and human CC chemokine receptor-2 (CCR2). Although human VSMCs were recently demonstrated to possess CCR2 receptors (11) , no information has yet been reported regarding CCR2 receptors and rat VSMCs. Moreover, it has been suggested (29) that the receptor of human VSMCs may be different from that of monocytes. The low concentrations of MCP-1 found to be effective in our study seem to be physiologically relevant, because it was recently reported that the MCP-1 concentration increases to nearly 100 pg/ml in injured vessels (8) .
VSMC proliferation and migration are key events during pathological vessel-wall remodeling. Expansive remodeling, with lumen enlargement, also occurs during arteriogenesis, which is a process that compensates for a persistent flow insufficiency by increasing collateral flow (5) . MCP-1 is well known to be implicated in all of these processes, and in vivo studies (15) have shown that vessel walls express MCP-1 within 4 h of endothelium removal. MCP-1 is also secreted by VSMCs in atherosclerotic plaques as well as by endothelial cells and macrophages; this suggests that MCP-1 may contribute to the pathogenesis of atherosclerosis (30) . Moreover, MCP-1 has been colocalized in both resident and inflammatory cells in plaque (17) . In several vascular experimental models, antagonism of MCP-1 or its receptor CCR2 appears to inhibit lesion development (3, 8) . Aside from its putative role in atherosclerosis, MCP-1 represents a potent stimulus for arteriogenesis: it has been demonstrated (13) that MCP-1 is able to increase collateral vessel development after arterial occlusion in experimental models in vivo. However, although MCP-1 has arteriogenic properties (28), its beneficial potential in the course of ischemia may be hampered by its inflammatory and profibrotic effects. MCP-1 activity is attributed to its effect on mononuclear cells, which are recruited at the site of injury where they become macrophages that are able to secrete numerous cytokines and growth factors (28) . Nevertheless, on the basis of recent experimental findings including the present one, a direct, monocyte-independent effect of MCP-1 on VSMC growth can be suggested. In fact, present data demonstrate that MCP-1 is able to promote migration and/or proliferation of cultured VSMCs in a bidimensional lateralsheet migration model (1, 23) . Chemotaxis of VSMCs was previously found to be unaffected by MCP-1 (8) . Our present data obtained with a modified Boyden chamber are in agreement with those of Furukawa et al. (8) , in that no significant VSMC chemotaxis was detectable even in the presence of MCP-1 concentrations that are able to stimulate VSMC growth. However, it is noteworthy that we were able to demonstrate activity of MCP-1 on VSMCs by using an experimental model that allows measurement of the combination of migration and proliferation of adherent cells in culture. In fact, growth-arrested cells cultured in silicon gaskets responded to MCP-1 by forming a significant sprouting when the gasket was removed. This was a potent effect, because the maximum activity was produced by 10 pg/ml MCP-1. On the basis of these findings, we suggest that MCP-1 can directly activate VSMCs and thus induce both proliferation and migration; it can be speculated that this mechanism, in association with the well-known monocyte recruitment effect, is involved in vascular wall remodeling. However, the major finding of the present study consists of the original observation that the growth-promoting effect of MCP-1 is mediated by the production of endogenous VEGF-A. During vascular remodeling, VEGF-A is secreted by many cell types and is involved in the modulation of angiogenesis and re-endothelialization of injured vessels (7, 16) . The strong and specific activity on endothelial cells displayed by VEGF-A has led to a proposal (19) that this growth factor can be considered a therapeutic agent for inducing angiogenesis in hypoxic tissues of patients suffering from coronary artery and peripheral vascular diseases. We recently demonstrated (25) that experimental conditions mimicking vascular injury increase the responsiveness of VSMCs to VEGF-A. Results from the present study clearly show that the proliferative effect of MCP-1 is partially dependent on endogenous VEGF A production, because a VEGF-A-neutralizing antibody was able to significantly inhibit VSMC proliferation. In agreement with this observation, an upregulation of this growth factor, measured either as mRNA or protein, was observed in VSMCs exposed to MCP-1 at picogram-per-milliliter concentrations. On the contrary, an upregulation of Flt-1 was not observed, which thus excludes the possibility that MCP-1 effects may be linked to upregulation of VEGF receptors in VSMCs. Also the demonstration that significant cell stimulation was detected only in experiments on adherent cells in culture is in line with our hypothesis that the effects of MCP-1 are mediated by endogenous VEGF-A production. In fact, it can be expected that the 4-h incubation period of cell chemotaxis experiments may be inadequate to induce a significant VEGF-A upregulation. Conversely, a significant production of endogenous factor can be expected in the three-day observation period used in the experiments on two-dimensional lateral-sheet migration of adherent cells in culture.
In the present study, the hypothesis that the proliferative effects of MCP-1 may be mediated by endogenous FGF-2 and PDGFbb was also tested, because it is well known that these growth factors have a prominent role in VSMC proliferation (20, 24, 26) . It was found that unlike endogenous VEGF-A, neither FGF-2 nor PDGFbb were involved in the growth-promoting effects of MCP-1, in that the neutralizing anti-FGF-2 and anti-PDGFbb antibodies did not modify the effects of the chemokine. Finally, potentiation of the cell growth-promoting effects induced by MCP-1 was observed in cells previously exposed to severe hypoxia. This finding reinforces the conclusion reached in this study; we have recently shown (25) that exposure to hypoxia induces upregulation of the VEGF receptor Flt-1 in VSMCs. Thus it is conceivable that a condition that increases the cell responsiveness to VEGF-A could enhance the proliferative response to an agent such as MCP-1, which acts through VEGF-A secretion.
In conclusion, all of these observations support the hypothesis that MCP-1 exerts direct monocyte-activity-independent stimulating effects on VSMCs, and that these effects are mediated by the induction of VEGF-A, which in turn is responsible for an autocrine-paracrine stimulation of VSMC function by interaction with VEGF-A receptors. Moreover, the demonstration that MCP-1 potently activates VSMC proliferation and reorganization via endogenous VEGF-A production adds to our knowledge on the role of the chemokine in vascular remodeling and reinforces the hypothesis that autocrine regulation of VSMC functions may be involved in pathological processes characterized by vascular remodeling.
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